We present here detailed measurements of the Casimir-Lifshitz force between two gold surfaces, performed for the first time in both gas (nitrogen) and liquid (ethanol) enviroments with the same apparatus and on the same spot of the sample. Furthermore, we study the role of double-layer forces in the liquid, and we show that these electrostatic effects are important. The later contributions were precisely subtracted to recover the genuine Casimir force, and the experimental results are compared with calculations using Lifshitz theory. Our measurements demonstrate that a carefull account of the actual optical properties of the surfaces is necessary for an accurate comparison with the Lifshitz theory predictions at short separations of less than 200nm..
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Introduction.-As devices enter the submicron range, Casimir forces [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] between neutral bodies at close proximity become increasingly important. As Casimir first understood in 1948 [2] , these forces between two bodies are due to the confinement of quantum fluctuations of the electromagnetic (EM) field. Indeed Casimir proved that when two parallel, perfectly reflecting, plates, are introduced in vacuum, they impose, on the EM field, boundary conditions which select only the fluctuations compatible with them. As a result, an attractive force between the plates is produced, which depends only on fundamental constants, on the distance d between the surfaces and on their area A:
with the Planck constant and c the speed of light. Following Casimir's calculation [2] , Lifshitz and co-workers in the 50's [3] considered the more general case of real dielectric plates by exploiting the fluctuation-dissipation theorem, which relates the dissipative properties of the plates and EM fluctuations at equilibrium. Furthermore, for real surfaces, roughness and material optical properties can strongly alter the Casimir force [13, 14] . Lifshitz formalism describes the Casimir force in a general case, where the medium between the plates needs not be vaccum. According to this formalism, the force can be tuned from attractive to repulsive with a suitable choice of the interacting materials. These predictions boosted Casimir experiment to test the possibility of repulsive forces [15] . In liquids, the determination of the Casimir force is more complex than in a gas because of the presence of additionnal effects, as the Debye screening. The Casimir-Lifshitz force was measured between two gold surfaces immersed in ethanol [16] . In this experiment, electrostatic forces are found to be negligible as sodium iodide (NaI) was added to ethanol, decreasing the Debye screening length. However, the role of electrostatic forces and their screening by Debye-layer force is important and one has to consider carefully its contribution during force measurements in liquids [17, 18] . In order to clarify the interplay of the Casimir force and additionnal effects in liquids, we have performed measurements of the Casimir force in a nitrogen atmosphere in a first place, and then, using the same system and sample, in ethanol. The contact area is the same in both measurements. We observe that electrostatic forces, screened over the Debye length, are of the same magnitude as the Casimir force, in the 50-200nm distance range. After subtracting the electrostatic force, we obtain a Casimir force in a quantitative agreement with Lifshitz theory [3] . Furthermore, the accuracy of our measurement allows us to highlight the importance of accurately caracterizing the optical properties of the samples before any meaningful comparison with theory.
Experimental setup.-We use an atomic force microscope (AFM) to measure the Casimir force between metallic surfaces. In order to measure the force with a good accuracy, the cantilever displacement is measured with a home-made quadrature phase interferometer, whose operating principle is sketched on Fig 1 [19] .
The experiment is performed in a sphere-plane geometry to avoid the need to maintain two flat plates perfectly parallel. Thus, a polystyrene sphere of radius R = (75 ± 0.25)µm (Sigma-Aldrich) is mounted on the tip of the cantilever with a conductive glue and then the whole probe is coated by a gold film whose thickness is about 100nm. The plates have been gold coated using cathodic sputtering by ACM, at the (LMA-CNRS). The diameter of the sphere has been determined from Scanning Electron Microscopy. We use a cantilever (size 500µm × 30µm × 2.7µm, NanoAndMore) of stiffness κ = 0.57 ± 0.03N/m. The precise value of κ is determined using equipartition, ie. < δ 2 >=
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Calibrations.-The total force between the surfaces is the sum of the Casimir force F cas (d) and additionnal contributions:
Electrostatic forces F el (d) are due to a potential difference between surfaces, owing to differences between the work functions of the materials used, and the possible presence of trapped charges [20] . Hydrodynamic forces F H (d, v) are due to the motion of the fluid during the approach of the plate towards the sphere, and depend on their relative velocity v [21] . These hydrodynamic effects are negligible in a nitrogen atmosphere, where the viscosity is γ = 1.76 10 −6 Pa s, but have to be considered in ethanol where the viscosity is 1000 times higher (γ = 1.2 10 −3 Pa s). There are two main requirements for a precise determination of the Casimir force. Firstly, additionnal forces must be measured with accuracy and subtracted from the total measured force. Secondly, because the force has a strong dependance on the distance between surfaces, an independant measure of the distance is necessary, which becomes difficult when the separation approaches nanometer scales. The difficulty originates principally from surface roughness: when the two surfaces come into contact, the highest asperities of each surface touch each other and the surfaces are still separated by a distance upon contact d o [22] .
The piezo actuator includes a position sensor which gives us the displacement of the plate: d piezo . We define the origin of d piezo as the position of contact of the highest peak of the sphere roughness with the surface of the plate, as the sphere is much rougher than the plate. The effective separation distance which appears in the expression of the force can be written as (see Fig.1 ):
where d o is the distance upon contact due to surface roughness and δ is an additional correction which results from the static deflexion of the cantilever in response to the total force F total . We determined the separation upon contact d o from hydrodynamic calibration, performed in ethanol. Immediatly after measuring the Casimir force in nitrogen, we injected carefully ethanol into the cell, and we performed calibrations and measurements of the Casimir force in ethanol. As the horizontal drift of our system is negligible, the contact area and the separation distance upon contact d o are the same in each measurement. This assumption is further justified a posteriori: our experimental curves all superimpose on top of each others and on top of the theoretical curves after shifting the distance by the same value of d 0 . The hydrodynamic calibration is presented in next section, while topographic analysis is presented in Appendix . The value of d o obtained from hydrodynamic calibration is comparable with the value obtained from roughness analysis.
Hydrodynamic calibration in ethanol.-The theoretical expression of the hydrodynamic force, for non-slip boundary conditions, is given by [21] :
where η is the fluid viscosity, R is the radius of the sphere, and v = ∂d ∂t is the relative velocity between the plate and the sphere.
As is clear from Eq (2), among the different forces occuring between the surfaces, the hydrodynamic force is the only one which depends on velocity. Thus we performed two force measurements, moving continuously the plate towards the sphere: a first one at velocity v 1 = 348nm s −1 , and a second one at a velocity v 2 = 5109nm s −1 . By taking the difference between these two measurements, we canceled all the velocity-independent forces and from Eq.(4) we obtained F H measured at
Here, v 2 and v 1 are the relative velocities between the sphere and the sample, which are not exactly the piezo velocities v 2 and v 1 because the cantilever is deflected when the plate is moved towards the sphere. v 2 and v 1 were determined precisely measuring the deflection of the cantilever.
Measurements of the hydrodynamic force are presented in Supp.Mat. [23] . Comparing the measured hydrodynamic force with the theoretical expression (4), we determined the separation distance upon contact d o = (31 ± 2)nm.
Electrostatic forces.-Even if the surfaces are as clean as possible, there always remain electrostatic forces between them. First, an electrostatic potential difference V c still exists between clean, grounded, metallic surfaces owing to differences between the work functions of the materials used [24] . Second, electrostatic forces can remain due to the presence of trapped charges. In liquids, these trapped charges induce double-layer forces, due to the rearrangement of ions in solution, screening the electrostatic interactions.
When d << R, the expression of the electrostatic force is [25] :
The term
d is the contribution of the contact potential V c between the surfaces and the term exp(−d/λ D ) represents the double-layer force, screened over a distance λ D (the Debye length) [26] .
As there is no free charge in nitrogen, the Debye length is infinite and the electrostatic interaction is not screened, consequently there are no double-layer forces. In nitrogen, the contact potential was calibrated to V c = 87 ± 2mV, and was compensated by an applied voltage difference during the measurement of the Casimir force.
In contrast, in ethanol, the contact potential is strongly screened by the ions constituting the Debye layer. Moreover, applying an electrostatic potential in a polar liquid can yield a transcient current [27] and consequently, charges accumulate on surfaces. Therefore, we simply subtracted the contribution of electrostatic forces from force measurements, after determining λ D = 72.3 ± 6.4nm and V c = 16.2 ± 2mV . In ethanol V c is lowered because the dissociation of molecules at the surface leads to the formation of a first very thin screening layer of a few nm.
Measurement of the Casimir force.-Static measurements of the Casimir force were carried out in a nitrogen atmosphere, between a Au Sphere and a Au plate. In order to accurately measure the Casimir force, thermal drift should be calibrated and subtracted. We took into account a linear vertical drift fitting linarly each force curve measurement between 300nm and 1µm and subtracting it from each measured curve. All force curves were shifted in distance corresponding to the separation upon contact d 0 = 31nm.
The measured Casimir force is shown in Fig.2 for separation ranging from 90nm to 370nm, averaging 28 independent measurements. For theoretical calculations, thermal corrections are negligible as the thermal energy k B T is too small to populate the mode of lowest energy c/λ T , as the separation distance d is:
We compared our experimental result with theoretical predictions of the Casimir force, based on optical properties of Au taken from: 1) handbook of tabulated data (green dashed line) [28] , and 2) measurements on Au samples presenting the same roughness and preparation conditions as ours (orange line) [29] . The deviation from Lifshitz theory based on dielectric properties of real samples is less than 5 pN at closest separations, while it reaches 10 pN at closest separations for calculations based on data from handbook, demonstrating that surfaces must be carefully characterized for high precision measurements of the Casimir force.
To make this argument more quantitative, we present the difference (F exp − F th )/F th in Figure 2 , showing the differences between the theoretical and experimental Casimir forces, for calculations based on data from handbook and calculations based on dielectric properties measured on films with the same morphology as our films.
The error bars in Fig. 2 represent the total of the measurement error. They include the systematic errors due to uncertainties on the separation upon contact d o = (31 ± 2)nm (using the hydrodynamic estimation), on the stiffness κ = (0.57 ± 0.03)N/m and on the diameter of the sphere d = (150 ± 0.5)µm, and a statistical error of 1 standard deviation.
Measurement of the Casimir force in ethanol.-In a liquid, the scenario is richer than in a gas because of the presence of additional effects, namely the hydrodynamic force and the Debye screening of the electrostatic interactions.
Measurements in ethanol were performed with the same apparatus, immediatly after the measurement in nitrogen, so that the contact are be the same, as explained previously. During the measurement of the Casimir force, the approach velocity was chosen in order to compromise between the hydrodynamic force F H we wanted to minimize and vertical drift, limiting the time of measurement. The results presented in this paper were obtained with v = 100nm/s.
In order to average the data collected from consecutive runs, 20 data sets were acquired. To remove vertical thermal drift from force measurement, each force curve was Orange curve corresponds to the Lifshitz theory in which the dielectric function is evaluated from measured optical data of a real gold film [29] . Green dashed-dotted line corresponds to the Lifshitz theory in which the dielectric function is evaluated using the handbook optical data [30] . Red dotted line corresponds to the theory in the case of ideal conductors.
(b) Difference between the theoretical and experimental Casimir forces. Orange curve corresponds to comparison with Lifshitz theory where the dielectric function is evaluated from measured optical data of a real gold film [29] . Green curve corresponds to comparison with Lifshitz theory where the dielectric function is evaluated using the handbook optical-data [30] . Orange curve corresponds to the Lifshitz theory where the dielectric function is evaluated from measured optical data of a real gold film [29] . Green dashed-dotted line corresponds to the Lifshitz theory where the dielectric function is evaluated using the handbook optical data [30] . (c) Difference between the theoretical and experimental Casimir forces. Green curve corresponds to comparison with Lifshitz theory where the dielectric function is evaluated from measured optical data of a real gold film [29] . Green curve corresponds to comparison with Lifshitz theory where the dielectric function is evaluated using the handbook optical-data [30] fitted linearly between 500nm and 1µm and this linear drift was subtracted. As the F H dependence on distance is accurately known [23] , it can be safely subtracted from the measured force. Figure 3 (a) shows a single force measurement in ethanol when the plane is moved towards the sphere at a velocity v = 100nms −1 , after subtracting the thermal drift and the hydrodynamic force, showing the presence of repulsive forces at separation distances larger than 40nm. These repulsive forces can are attributed to the presence of ions in solution and on the metallic surfaces. We observed this effect reproductively on each force curve measurement. The repulsive part of each force curve (between 40nm and 230nm) was fitted by an exponential function A exp(−d/λ D ) where A and λ D are adjustable parameters. We obtained a Debye length λ D = 72.3 ± 5nm consistent with measurements reported by [31] and [32] . The exponential fitting is also used to determine the electrostatic potential at the gold surface ψ 0 from the expression of the Debye-layer force in a sphere-plane geometry:
Indeed, from the prefactor A = 844N, we evaluated the surface potential ψ 0 adj = 16.2 ± 2mV. After subtracting the measured double-layer force from each force measurement, the mesured Casimir force is obtained.
The measured Casimir force is presented on figure 3 . The experimental data are compared to Lifshitz's theory for a gold sphere of radius R = 75µm and a gold plate separated from a distance d in ethanol. Finally the differences between the theoretical predictions and the measured data are plotted in Fig.3 c) . In spite of the rather large error bars we can clearly distinguish the two theoretical predictions: Casimir force measurements are in better agreement with Lifshitz theory based on optical properties of real Au films, presenting the same morphology as ours. The error bars in Fig. 3 represent the total uncertainty, already discussed in section.
Conclusion.-In conclusion, we have presented precise measurements of the Casimir force performed both in gas (nitrogen) and liquid (ethanol) environments with the same apparatus and on the same spot of the sample. The force measurements yield experimental evidence of the importance of electrostatic effects in ethanol. These effects were properly measured and subtracted, in order to determine accurately the genuine Casimir force. Furthermore, these measurements demonstrate that the Casimir force is sensitive to changes in the optical properties of gold at distances of less than 200nm both in gas and liquid environments. Notably, to the best of our knowledge, this is the first time that this influence was measured experimentally at this range of separations. Our measurements are of significant interest given both for the fundamental implications of the Casimir force in the search of new hypothetical forces, and technology applications of Casimir forces for micro/nano device actuation [1, 33] This work has been supported by the ERC contract Outeflucoop. We thank Irénée Frérot for helpful discussions.
Because the Casimir force is sensitive to optical properties of gold films [29] , we characterized carefully the topography of the surfaces. Indeed, it is commonly accepted that these properties can be taken from the handbooks tabulated data. In fact, optical properties of deposited films depend on the method of preparation. An interesting study [29] reported a significant variation of 5 − 15% in Casimir force calculations, due to changes in optical properties of Au films.
After coating, the surface morphology of both the sphere and the plate was determined using a commercial AFM (Bruker). It is important to stress that these analysis are performed directly on the surfaces used in the measurement of the Casimir forces. The AFM images of a (1 × 1 µm 2 ) sample of both surfaces are shown in fig.4 . The roughness probability distribution of both surfaces are well approximated by a Gaussian. In fig.5 a) we plot the probability distribution of the sphere whose rms roughness is w sph = (11.8 ± 0.8)nm, where the error takes into account the AFM accuracy and the statistical error based on a correlation length of about 50nm, i.e. 400 statistical independent points on the (1 × 1 µm 2 ) measured surface. The correlation length, estimated from the Heightheight correlation function plotted in fig.5 b) is about 50nm.
The rms roughness of the plate is
This morphology analysis is then used in order to compare our force measurements with computations where optical properties are taken from real films, with a similar topography.
From morphology analysis, we also evaluated approximatively the separation upon contact d 0,rough . However, a surface of 1 × 1 µm is not large enough to determine precisely d 0 . This analysis just helps us to check that we find a separation distance upon contact d 0,rough of the same order of magnitude as d 0 obtained from hydrodynamic calibration. The AFM images 4 indicate that the sphere is much rougher than the plate. Consequently, the separation distance upon contact can be evaluated as: d 0,rough = d 0,sph + w p , where w p the rms roughness of the plate and d 0,sph is the highest peak of the sphere within the contact area [34] . One estimates that on a surface of 1µm 2 , there is in average only one asperity larger than 2.8w sph and less than one with height larger than 3w sph , which is statistically coherent with the image of fig.4a ) and the tails of the distribution in fig.5 . Thus in a contact area of about 1 µm 2 one expects to find d 0,sph = 2.8w sph = (33.6 ± 2.4)nm. Notice that this value is statistically significant because the area involved in the force measurements are of the order of 1 µm 2 ) at d < 100nm (see ref. [22] ). For the plate, the rms roughness is w p = (1.3 ± 0.2)nm. Thus from the topography analysis we evaluate that the maximum is d 0 < (34.9 ± 2.4)nm on an area of 1 µm 2 ). This value is, within error bars, statistically coherent with the hydrodynamic calibration discussed in section . It is important to stress that the hydrodynamic calibration is performed directly on the surfaces used in the measurement of the Casimir forces. Indeed, calibration were performed in ethanol immediatly after measurements of the Casimir force. As the liquid was introduced very carrefully in the cell after the measurement in nitrogen and as there is the horizontal drift of the sample is negligible, the contact are is the same during both measurements and calibration. This assumption is further justified a posteriori: our experimental curves all superimpose on top of each others and on top of the theoretical curves after shifting the distance by the same value of d 0 . In contrast the topography study is done on surfaces with the same statistical properties but not on the same position of the contact area used in the experiment. Thus we use for d o the value obtained from the hydrodynamic calibration,i.e. d = (31 ± 2)nm .
Hydrodynamic calibration
The measured hydrodynamic force is plotted as a function of d in fig.6 a) where it is compared to the theoretical force expressed in eq.(4) of main text. In the figure the measured values has been shifted horizontally by d o = 31nm which corresponds to the separation distance upon contact. In fig.6 b) , the plot of the 
Calibration of the contact potential difference
An electrostatic potential difference V c exists between the sphere and the plate, even if the surfaces are coated with gold and they are both electrically grounded. Indeed, there can exist a large potential difference between clean, grounded, metallic surfaces owing to differences between the work functions of the materials used and the cables used to ground the metal surfaces [24] . A small potential difference around ten mV is sufficient to overhelm the Casimir force so the contact potential difference has to be measured and the experiment has to be carried out with a compensating voltage present at all times.
Following a procedure described in [35] , we measure the contact potential difference V c between the sphere and the plate by applying an oscillating potential V = V 1 cos ω 1 t + V 2 to the plate, keeping the sphere grounded. be approximated by:
Because of the existence of a contact potential difference V c , the system oscillates both at 2ω 1 and at ω 1 . We determine V c adding a constant potential V 2 until the excitation at the frequency ω 1 disappears. Indeed, when V 2 = V c , the system no longer oscillates at the frequency ω 1 (see eq.7) . We measure the contact potential V c as a function of d between 1µm and 110nm. In practice, we move the plate towards the sphere by discrete displacements. At each separation distance d n , we measure the potential V 2 which minimizes the amplitude of the oscillation at ω 1 . The result of the measurement is plotted in fig.7 , where we see that in our experiment V c is constant as it is theoretically expected.
